Abstract The rising and setting of the sun marks a transition between starkly contrasting environmental conditions for vegetative life. Given these differing diurnal and nocturnal environmental factors and the inherent regularity of the transition between the two, it is perhaps unsurprising that plants have developed an internal timing mechanism (known as a circadian clock) to allow modulation of gene expression and metabolism in response to external cues. Entrainment of the circadian clock, primarily via the detection of changes in light and temperature, maintains synchronization between the surrounding environment and the endogenous clock mechanism. In this review, recent advances in our understanding of the molecular workings of the plant circadian clock are discussed as are the input pathways necessary for entrainment of the clock machinery.
The Importance of Circadian Clocks
The rotation of the Earth acts to confer regular environmental changes in light availability and temperature and plants alter their physiology, biochemistry, and metabolism in response to these abiotic cues over the course of a day (Hall and McWatters 2006) . In addition, the inherent regularity of the transition between day and night also allows alterations in temperature and light to be predictive of subsequent abiotic stresses. For example, dusk is typically accompanied by a decrease in temperature and possible frost. It is therefore unsurprising that plants have developed an internal timing mechanism (referred to as a circadian clock) that allows prescient alterations in gene expression and biochemistry. Indeed, the circadian clock causes the regular oscillation of between 30% and 40% of genes in the model plant Arabidopsis thaliana (Arabidopsis), even when grown under constant light and temperature (Covington et al. 2008 ). These broad changes in gene expression precipitate a range of physiological responses including the regulation of hypocotyl growth (Dowson-Day and Millar 1999; Nozue et al. 2007 ), alterations to plant hormone production and sensitivity Michael et al. 2008a, b; Robertson et al. 2009 ) and time of flowering (Imaizumi and Kay 2006) . In concert, such changes promote the fitness of plants grown in synchrony between endogenous and environmental cues Dodd et al. 2005b) .
Circadian clocks are conceptually thought to be comprised of three parts: a central oscillator typically consisting of a negative feedback loop, input pathways to allow entrainment to local environmental conditions, and output pathways which act to modulate responses dependent on these endogenous cues. Although at its most basic level a circadian clock can consist of a single negative feedback loop with input and output pathways (Dong and Golden 2008) , evolution has typically led to the development of multiple interconnected molecular oscillators with varied levels of redundancy (Dardente and Cermakian 2007; Dunlap et al. 2007; Dubruille and Emery 2008; Harmer 2009 ). The inclusion of partially redundant interlocking components likely allows greater flexibility in the modulation of clock inputs during evolution (such as by altering sensitivity to light and temperature in different climates; Michael et al. 2003a ) while also allowing greater accuracy of the timing mechanism itself (Rand et al. 2004; Stelling et al. 2004) . In addition to these core concepts, circadian clocks are recognised as having additional properties including temperature compensation and "gating". Temperature compensation allows a circadian clock to oscillate at approximately the same frequency over a broad range of physiological temperatures (from 12°C to 27°C; Edwards et al. 2005) while gating refers to the regulated sensitivity of the central oscillator to input stimuli. This latter mechanism enables the circadian clock to persist in plants grown in constant experimental conditions by reducing the responsiveness of core components to light during the subjective night (Harmer 2000; Covington et al. 2001; Carre 2002) .
The Arabidopsis Circadian Clock
Although circadian clocks are found across both prokaryotic and eukaryotic phyla, the components that comprise these internal oscillators are not conserved (Dunlap et al. 1999; Hardin 2005; Brunner and Schafmeier 2006; Harmer 2009 ). Instead, it appears that clocks have arisen independently in multiple lineages. Much of the work studying the plant circadian clock has been completed using Arabidopsis in combination with bioluminescent reporter constructs which provide a visual output of the endogenous circadian rhythm (Millar et al. 1992) , although leaf movement and qPCR have also been used to monitor clock activity (McClung 2006) .
Using these techniques, mutant Arabidopsis have been isolated that differ in period (time from one peak of expression to the next; Fig. 1 ), phase (relative time of day a peak of gene expression occurs), and peak amplitude (degree of oscillation from the median). Analysis of these mutants has revealed that the Arabidopsis central oscillator consists of at least three interlocking loops of gene expression in which transcription factors promote the transcription of their own negative regulators (Fig. 2) . The first transcriptional negative feedback loop identified in Arabidopsis includes two related MyB-like transcription factors (CIRCADIAN CLOCK ASSOCIATED 1; CCA1 and LATE ELONGATED HYPOCOTYL; LHY) and a gene of unknown biochemical function known as TIMING OF CAB EXPRESSION 1 (TOC1; Alabadi et al. 2001) . TOC1 promotes expression of CCA1 and LHY by an indirect mechanism (via factor X) while CCA1 and LHY bind directly to the promoter of TOC1 and repress its activity (Alabadi et al. 2001) . Although this model has provided an invaluable basis for our understanding of the Arabidopsis clock, it is now apparent that this one-loop model is insufficient to explain all the available experimental data. For example, CCA1 HIKING EXPEDITION (CHE) has recently been shown to bind to the CCA1 promoter and to repress its transcriptional activity, possibly by interfering with TOC1 activity (Pruneda-Paz et al. 2009 ). Additionally, mathematical modelling techniques have suggested the existence of at least two other transcriptional feedback loops that interlock with that formed by CCA1/LHY/TOC1 (Locke et al. 2006; Zeilinger et al. 2006) . The first of these additional loops introduces an unknown factor (Y; Fig. 2 ), which positively regulates TOC1 expression while being repressed itself by CCA1, LHY, and TOC1. Although there are indications that the gene GIGANTEA (GI) fulfils some of the requirements of factor Y (Locke et al. 2005 (Locke et al. , 2006 , it is possible that GI instead acts to regulate TOC1 solely at a posttranscriptional level Martin-Tryon et al. 2007; Sawa et al. 2007) .
The third loop proposed to form a component of the Arabidopsis core oscillator involves proteins related to TOC1. These PSUEDO-RESPONSE REGULATOR genes (PRR3, PRR5, PRR7, and PRR9) share a common protein domain structure to TOC1 and are similarly expressed with a circadian rhythm, although the phase of peak expression of each of these genes is shifted by 2-3 h (with sequential peaks of expression from dawn of PRR9, PRR7, PRR5, PRR3, and TOC1, respectively; Matsushika et al. 2000) . Although single mutational lesions in each PRR gene induce mild circadian rhythm defects (Eriksson et al. 2003; Farre et al. 2005; Para et al. 2007 ), PRR proteins have partial functional redundancy as higher order prr mutants display more pronounced circadian phenotypes (Farre et al. 2005; Nakamichi et al. 2005a Nakamichi et al. , b, 2007 Nakamichi et al. , 2009 Salome and McClung 2005a) . For instance, the prr5 prr7 prr9 triple mutant is essentially arrhythmic under all Fig. 1 An idealized example of a circadian-regulated gene. During 2 days of entrainment to a 24-h photoperiod expression of this gene peaks in the evening with the period and phase of this expression synchronized to the alternating light conditions. Upon transfer to constant light, rhythmic gene expression continues due to the endogenous clock mechanism. Zeitgeber time indicates time elapsed since the start of each photoperiod. Gray boxes represent subjective night entrainment conditions tested (Nakamichi et al. 2007 ). Through a combination of experimental and computational methods, it has been proposed that CCA1 and LHY act to promote PRR7 and PRR9 expression (Farre et al. 2005; Locke et al. 2006; Zeilinger et al. 2006 ) while PRR7 overexpression has been shown to reduce CCA1 and LHY mRNA levels , thereby forming an additional morning-phased loop within the central oscillator (Fig. 2) . Overexpression of PRR5 causes repression of PRR7 and PRR9 (Sato et al. 2002) , suggesting an antagonistic role for PRR5 in the regulation of morningphased genes.
The Effect of Light on the Circadian Clock
While oscillations in gene expression derived from the Arabidopsis circadian clock can be detected in seedlings germinated in the absence of environmental cues beyond inbibition of seed (Zhong et al. 1998; Salome et al. 2008) , the circadian circuitry is capable of being entrained by stimuli such as light and temperature (Fankhauser and Staiger 2002; Cashmore 2003; Panda et al. 2003; Millar 2004) . Such exogenous cues are often referred to as "zeitgebers" (or "time-givers") and entrainment by these signals allows resetting of the clock to local conditions such as day length. The clock mechanism displays differential sensitivity to zeitgebers over the course of a day. For example, light pulses applied in the early morning cause an advancement of the clock mechanism whereas evening pulses delay the oscillator (Devlin and Kay 2001) . This time-dependent effect causes phase advancement in the morning and phase delay in the late afternoon under normal diurnal conditions, allowing constant readjustment of the clock to prevailing conditions (Devlin and Kay 2001) . In order to detect light, plants express a suite of photoreceptors that confer sensitivity across the visual spectrum. The red portion of the spectrum is primarily sensed by phytochromes (Rockwell et al. 2006 ) while cryptochromes, phototropins, and zeitlupe family proteins are sensitive to blue light (Briggs 2007; Christie 2007; Kim et al. 2007; Li and Yang 2007) . The latter family consists of three members (ZEITLUPE/ZTL, FLAVIN-BINDING KELCH DOMAIN F BOX PROTEIN1/FKF1, and LOV KELCH PROTEIN2) of which ZTL and FKF1 are known to have light-dependent functionality Sawa et al. 2007) . Light regulation of the circadian clock occurs within multiple loops of the circadian clock at both transcriptional, posttranscriptional, and posttranslational levels (Gutierrez et al. 2002; Lidder et al. 2005; Yakir et al. 2007) , with phytochromes, cryptochromes, and zeitlupe family proteins playing primary roles in this regulation (Somers et al. 1998a (Somers et al. , 2000 Devlin and Kay 2000; Schultz et al. 2001; Kim et al. 2007 ). Phytochrome and cryptochrome mutants have longer periods than wild-type only when monitored under constantly lit conditions (Somers et al. 1998a; Devlin and Kay 2000) , suggesting that they act within the light input Fig. 2 The Arabidopsis circadian clock consists of multiple loops. Transcriptional feedback loops act at the core of the oscillator with regulation of protein stability adding robustness to this rhythm. In the morning-phased loop of the clock CCA1 and LHY negatively regulate TOC1 expression while promoting expression of PRR7 and PRR9. In the evening, TOC1 acts to promote expression of CCA1 and LHY, at least in part via an indirect mechanism involving repression of CHE activity. PRR5 is thought to repress expression of PRR7 and PRR9.
PRR3, GI, and ZTL act in concert to regulate TOC1 and PRR5 protein stability in a light-dependent fashion. X and Y show as yet uncharacterized components as suggested by mathematical modeling. Genes (rectangles) and protein products (ovals) thought to act primarily in the morning are colored blue; evening-phased loops are shown in red. Solid gray lines show transcriptional regulation while bold solid lines detail proposed protein-protein interactions. Dashed lines are used to indicate transcription and translation component of the clock rather than the central oscillator itself. In contrast, ztl mutants have a long period when maintained in either constant light or darkness (Somers et al. 2004) , suggesting a more integral role within the central clock apparatus for this latter gene. Phototropin1 mutants do not display any circadian defects (Devlin and Kay 2001) , suggesting that phototropins do not have a role in light input into the circadian clock (Salome and McClung 2005b) .
Although it is clear that phytochromes and cryptochromes have key roles in coordinating and maintaining circadian rhythms, the identity and function of intermediate factors linking these photoreceptors with core circadian components remain obscure. Good candidates for intermediate components include the similarly named but unrelated genes EARLY FLOWERING 3 and 4 (ELF3 and ELF4) which are necessary for the gating of light signals input into the clock (McWatters et al. 2000 (McWatters et al. , 2007 Covington et al. 2001) . XAP5 CIRCADIAN TIMEKEEPER (MartinTryon and Harmer 2008) and SENSITIVITY TO RED LIGHT REDUCED (Staiger et al. 2003 ) also have circadian and light signaling defects, suggesting that they may act in both pathways. What is clear, however, is that light inputs feed into the circadian clock at multiple points in several clock loops. For instance, the expression levels of many clock genes (including CCA1, LHY, PRR7, PRR9, and GIGANTEA; GI) are upregulated by light (Wang and Tobin 1998; Martinez-Garcia et al. 2000; Eriksson et al. 2003; Farre et al. 2005; Locke et al. 2005; Farre and Kay 2007) . Indeed, mutations in PRR7 and PRR9 only cause a long period in constantly lit conditions (Eriksson et al. 2003; Farre et al. 2005) suggesting that these genes act in pathways to modulate the effect of light on the entrainment of the circadian clock.
Although little is known regarding the biochemical function of TOC1, recent years have seen steady gains in our knowledge of light-mediated protein stability of this protein. Work utilizing a tagged TOC1 transgene initially revealed that TOC1 protein levels are stabilized by light (Mas et al. 2003) and subsequent analysis has identified several key components of this regulatory pathway. TOC1 is degraded in darkness by a SKP/CULLIN/F-box ubiquitin ligase complex containing CULLIN1 and ZTL, which contains an F-box domain (SCF ZTL ; Mas et al. 2003; Harmon et al. 2008) . The ability of SCF ZTL to bind and degrade TOC1 is regulated by PRR3 and GI as well as by light; a light-dependent binding between ZTL and GI prevents degradation of either protein while a physical interaction between PRR3 and TOC1 stymies recruitment and subsequent degradation of TOC1 by SCF ZTL Para et al. 2007; Fujiwara et al. 2008) . It is attractive to suppose that upon nightfall ZTL, newly released from the light-requiring ZTL/GI complex binds TOC1 and causes its degradation ). The accumulation of inactive ZTL over the course of a day enables a rapid decrease in TOC1 protein levels upon the onset of night, thereby enhancing the robustness of the transcriptional feedback loops of which TOC1 is a part ( Fig. 2 ; Somers et al. 2007 ). In a similar manner, PRR5 protein accumulates in the evening before being targeted for degradation by ZTL (Kiba et al. 2007; Fujiwara et al. 2008) , leading to the suggestion that PRR5, TOC1, GI, and ZTL act as a functional unit within the evening-phased loop of the Arabidopsis clock (Fujiwara et al. 2008) .
Clock Entrainment by Temperature
The other dominant zeitgeber of the Arabidopsis circadian clock is temperature, with steps as small as 4°C being capable of entraining the clock mechanism (Somers et al. 1998b; Salome and McClung 2005a) . The majority of large-scale mutant screens to identify Arabidopsis clock genes have used light as an entrainment signal and it is therefore unsurprising that comparatively little is known about temperature-sensitive entrainment of the clock. It does appear, however, that the circadian regulation of individual genes may differ based upon the entrainment conditions used; CAB2 and TOC1 expression are similarly modulated by light and temperature whereas the phase of CAT3 expression is more sensitive to changes in temperature than light (Michael et al. 2003b) . Temperature inputs into the clock are at least in part incorporated via loops containing PRR7 and PRR9 as a prr7 prr9 double mutant is unresponsive to circadian phase changes induced by temperature and is arrhythmic if entrained to temperature steps (Salome and McClung 2005b) . In contrast, it appears that TOC1 has a minor role in this mechanism as a toc1 mutant retains a wild-type entrainment response to temperature steps (Somers et al. 1998b) . Further characterization of this sensitivity is dependent upon identification of temperature sensors in Arabidopsis.
Spatial Diversity in Clock Gene Function
Animal circadian clocks have long been recognized to contain a master clock which synchronizes multiple "slave" clocks in other tissues (reviewed by Aton and Herzog 2005) . This hierarchical arrangement of the clock permits individual tissues to utilize subsets of circadian genes (DeBruyne et al. 2007a, b) . In comparison, plants are thought to measure time using cell-autonomous circadian oscillators (Thain et al. 2000 (Thain et al. , 2002 Salome and McClung 2004) , although it has remained unclear until recently whether each of these independent plant clocks share common core components across different cell types. It now appears that certain loops of the plant clock act predominantly in certain tissues. PRR3 has been shown to be predominantly expressed in Arabidopsis vasculature (Para et al. 2007 ) while recent microarray analysis has indicated that only a subset of genes known to have a circadian expression pattern in aerial tissues oscillate in hydroponically grown roots (James et al. 2008) . Such data suggest that circadian rhythmicity in roots is controlled by a simplified mechanism and is dramatic evidence that plant circadian rhythms need not be controlled by a uniform set of components. In support of this concept, experiments using RNAi to reduce PRR3 mRNA levels induce a greatly pronounced shortening of the circadian clock when measured using vasculature-specific luciferase reporter constructs in comparison to those with a broader range of expression (Para et al. 2007 ). The use of modified clock circuitry in different plant tissues likely allows altered sensitivity to environmental stimuli and stresses and it will be interesting in the future to determine the functional role of tissue-specific circadian oscillations.
Future Directions
Our understanding of the Arabidopsis circadian clock at a transcriptional level has progressed rapidly, aided by the high-throughput capabilities of luciferase reporter mutant screens and microarray assays. While it is clear that a large percentage of the transcriptome is regulated by the circadian clock (Covington et al. 2008; Hazen et al. 2009 ), our understanding of the molecular processes underlying these large-scale changes in transcription remains limited. Recent work has identified a correlation between histone acetylation and transcriptional activity at the TOC1 locus (Perales and Mas 2007) and similarly, a degree of histone methylation is associated with changes in transcriptional activity at CCA1 and LHY loci (Ni et al. 2009 ). Both of these observations suggest that epigenetic marks may regulate circadian gene expression and identification of proteins responsible for these epigenetic marks will allow a more thorough understanding of transcriptional regulation by the clock.
While transcriptional regulation is clearly important for Arabidopsis clock function, it is also increasingly clear that the rhythms generated by the transcriptional clock are modulated by a range of posttranslational modifications. TOC1 and PRR proteins are differentially phosphorylated and degraded over the course of a day (Murakami-Kojima et al. 2002; Mas et al. 2003; Fujiwara et al. 2008) while ZTL protein accumulates with a circadian rhythm despite being transcribed at a regular rate (Somers et al. 2000; Kim et al. 2003) . It is equally apparent that endogenous rhythms are regulated by changes in cytosolic composition, such as the concentration of free Ca 2+ (Dodd et al. 2005a (Dodd et al. , 2007 Hastings et al. 2008) . Considering these examples, it is unlikely that we have either identified all components of the Arabidopsis clock or that we yet fully understand the subtleties of action and regulation of characterized transcripts and proteins.
Ultimately, it will be important to transfer our understanding of the clock to real-world applications. Given the suggested role of the circadian clock in the regulation of plant responses to abiotic stresses (Walley et al. 2007; Mizuno and Yamashino 2008) , it is possible that altering expression of certain clock components may confer enhanced stress tolerance. Indeed, Arabidopsis prr5 prr7 prr9 triple mutants have recently been reported to have an enhanced cold, drought, and salt tolerance, caused by increased expression of stress-responsive genes (Nakamichi et al. 2009 ). Such data are in agreement with work demonstrating that plants are differentially responsive to temperature over the course of a day and that this gating is controlled by the circadian clock (Fowler et al. 2005) . Further work to understand the process by which stress response pathways and the circadian clock interact will likely be a fruitful course of investigation.
